In this paper the results of X-ray diffraction experiments of Ln-Si-Al-O-N (Ln = La, Gd, Yb) glasses are presented. Total structure factors and pair correlation functions allow the determination of the first coordination sphere of Ln atoms. The bond lengths observed correspond to the ionic radii of the Ln-ions surrounded by oxygen and nitrogen atoms. The presence of non-bridging nitrogen is discussed together with results of neutron diffraction, NMR-experiments and XPS-studies of other authors.
Introduction
Silicon nitride ceramics are some of the most interesting structural materials for high-temperature applications. Because of the highly covalent bonding, Si 3 N 4 has to be denisified with sintering additives. Today, it is a common practice to densify Si 3 N 4 by pressureless sintering or pressure assisted densification methods. The sintering aids are usually metal oxides such as MgO, AI2O3 and most of the rare earth oxides [1, 2] . At higher temperatures, SiÜ2, which is always present at the surface of the Si 3 N 4 particles, reacts with the oxide additives to form an oxide melt and, with increasing temperature, an oxynitride melt by dissolving Si3N 4 . Depending upon the composition of the sintering aids, the liquid phase can form an amorphous or a crystalline grain boundary phase during cooling. Detailed high resolution and analytical TEM experiments indicate a complete covering of the silicon nitride grains with a thin amorphous intergranular film. The film thickness varies between 1 and 2 nm but it is constant for a given additive system [3] .
Previous investigations of silicon nitride ceramics, densified with different Ln-Si-Al-O-N glasses reveal a strong influence of the type of the rare earth oxides on grain growth behaviour and grain morphology Reprint requests to Dr. H. Uhlig; E-mail: h.uhlig@physik.tu-chemnitz.de. development of silicon nitride as well as on the resulting mechanical properties [4], Furthermore, it has been found that the nitrogen solubility is also strongly dependent on the rare earth oxide [5] . The present work presents an analysis of the local order of the same Ln-Si-Al-O-N-glass compositions by use of Xray diffraction, in order to understand the previous experimental observations. Due to the high absorption cross section for neutrons, these glasses are not expected to be good candidates for neutron diffraction experiments. But anyway, good contrast for X-ray diffraction between heavy and light elements could be successfully achieved due to the large cross section of heavy rare earth elements and to the small cross section of light atoms such as Si, Al, O, and N. Therefore, X-ray diffraction mainly probes pair correlations with rare earth ions.
Theoretical Background
From the coherently scattered intensity the total structure factor according to Faber and Ziman is obtained [6] :
where = coherently scattered intensity per atom, </(Q)
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The total structure factor is the weighted sum of the partial structure factors S lJ (Q), which describe the contribution of ij pairs to the total structure factor:
The partial structure factors S lJ (Q) will lead to partial pair distribution functions G lJ (R) by Fourier transformation. Since S lJ (Q) are the unknown functions, normally a simultaneous system of equations of the kind of (3) has to be handled. The amorphous phase studied in the present work consists of five components, which means 16 partial structure factors S lJ . It is not possible to resolve (3) containing 16 unknown parameters. But fortunately, pairs giving low contributions to the scattered intensity can be neglected in the evaluation and interpretation of the data.
Experiment

Samples
The aim of this study was the investigation of glasses with a high nitrogen content, but an identical concentration of rare earth oxides and a constant Ln : Si : Al ratio. All compositions form transparent glasses and had the composition Lni2.3Sii4.oAli2.20 5 5.iN 6 .5 (Ln = La, Gd, Yb). The glass forming regions of the systems are given in [5] . The samples were prepared by a conventional powder processing routine using A1 2 0 3 (Aluminalux 49 SG, Alcoa), Si0 2 (Schott, Sipur Ä), a-Si 3 N 4 (ÜBE, E-10), La 2 0 3 (Merck 99.9%), Gd 2 0 3 (Ventron 99.9%), and Yb 2 0 3 (Johnson Matthey 99.9%). The raw materials of each batch were homogenized in isopropanol by using ultra sonic. Afterwards, the powder mixtures were dried at 50°C, sieved and finally consolidated by cold isostatic pressing at 630 MPa pressure in rubber moulds. The heat treatment for the glass formation was performed in a gas pressure sintering furnace (Thermal Technology, Santa Rosa, CA) under 1 MPa nitrogen. The temperature was controlled with a boron-graphite thermocouple. Each sample was positioned in a covered boron nitride crucible, within a graphite crucible which contained a powder bed of Si0 2 and Si 3 N 4 (1:2 ratio). The heating rate to the maximum temperature of 1710°C was 50°C/min. After 30 min at maximum temperature the furnace was switched off to achieve cooling rates > 100°C/min. The described crucible arrangement was necessary to avoid Si 3 N 4 decomposition and significant weight losses [7] ,
Diffraction Experiments
X-ray diffraction experiments with all samples were done in transmission mode using Mo K Q radiation with a monochromator in the scattered beam in order to suppress the detection of flourescent radiation.
To avoid air scattering, a vacuum attachment around the sample holder was used. A standard scintillation-detector system with a single channel window was used for counting the pulses. These devices were mounted on a Seifert MZ IV goniometer. The samples were cut into small pieces, 1cm in diameter, and grinded to 60 pm in thickness. As Si, O and N are weak scatterers for X-rays, the 20 angle range from 70 up to 115° was covered three times with 200 sec/step and a step width of 0.05°.
Results
During the evaluation of the structure factors all necessary corrections including those for absorption and incoherent scattering [8] were applied. Finally the coherently scattered intensity was normalized according to [9] . In Fig. 1 we present the total structure factors of the Lni 2 . 3 Sii4.oAl 12 .2055.iN 6 5 glasses. All curves indicate a sharp maximum, similar shape and size, at about Q = 2.1 A -1 . This maximum is followed by a second broad maximum at 3.1 A -1 for the Laglass, at 3.5 Ä -1 for the Gd-glass, and at 3.8 Ä -1 for the Yb-glass. Also, in this sequence the shape alters from right asymmetric via symmetric to left asymmetric, and a remarkable shift towards larger Q-values is observed for the third maximum. A detailed list is given in Table 1. For all these curves the noise level is acceptable. The Fourier transform was calculated with Q max = distances. It shifts from 2.50 A (La-glass) via 2.40 A (Gd-glass) to 2.23 A (Yb-glass). The third peak in all curves is predominantly caused by the Ln-Ln distribution. Of course, some contribution of higher correlations of other elements falls within this region. Also a slight shift towards lower R-\alues is observed in the sequence (La,Gd, and Yb-glass). This behaviour reflects the ionic size of the rare earth elements. A list of the specific values is given in Table 2 .
In order to justify these reflections, in Table 3 the weighting factors according to [61 for these glasses are presented. All contributions with weighting factors smaller than 0.02 are neglected in this table. The values of the weighting factors Wij represent the visibility of each pair i-j in the total structure factor.
From Table 3 , it is obvious that the Ln-X (X = Ln, Si, Al, O, N) correlations predominate in the total structure factors measured by X-ray scattering. Correlations which are not listed in Table 3 are neglected in the further discussion, since they give rather low contributions to the total coherent scattered intensity.
The average coordination numbers were derived by fitting Gaussian curves to the peaks of the correlation function
The area of a subpeak is connected with the coordination number Z 71 :
Assuming that the bond-lengths in amorphous solids are similar to those in related crystalline compounds, it is possible to deconvolute the main peaks in the total pair correlation functions into subpeaks of partial nature. This can be achieved empirically by the application of Gaussian fit-functions. In Fig. 3 the application of these peak fits is presented. The fit parameters such as positions and halfwidths are determined empirically. In Table 4 , the results of the peak fitting procedures are presented.
The average coordination numbers as well as the subpeak-positions of the first coordination sphere of 
the Ln-element are listed in this table. Because of the asymmetric shape of the peaks, an overlay of three or four subpeaks is assumed. The left (and main) subpeak is considered to be of mixed type Ln-(0/N). This can be justified by the sum of coresponding values of the ionic radii [10] , Only for the La-Si-Al-O-N glass, the peak could be deconvoluted into La-O and La-N. For the O-O correlations, two different types have to be discussed. Oxygen atoms surrounding Si atoms ^ive an O-O pair correlation with a maximum at 2.62 A, and oxygen atoms surrounding Al atoms give an O-O pair correlation with a maximum at 2.89 A. These distances are not affected by the type of the rare earth element.
In the case of the other glasses Gd-Si-Al-O-N and Yb-Si-Al-O-N, the Ln-N bonds could not be separated from the Ln-O bonds. These bonds are considered to have mixed type character. In Table 5 , the Ln-O/N bond lengths are listed in particular.
For La-Si-Al-O-N glasses, the bond lengths are the same as in crystalline compounds. For Gd-Si-Al-O-N glasses and Yb-Si-Al-O-N glasses, the Ln-O bonds are not separable from the Ln-N bonds. However, the values of Table 5 indicate an average of mixed type.
Discussion
In general, the macroscopic properties, such as increased viscosity and increased glass transition temperatures confirm the model of the atomic structure of the oxynitride glasses [11, 12] , The replacement of some oxygen atoms by nitrogen atoms strengthens the amorphous network. The reason for these effects lies in the threefold coordination of nitrogen in the network. The first structural model was given by Mulfinger [13] . In this model, nitrogen is connected to three Si(0,N)4 units. The logical consequence of this view is that all nitrogen atoms are considered to be brigding atoms, i.e. only connected to Si atoms. Indeed, this is a reasonable explanation for the strengthening of the amorphous network. [15] containing 5at% N. In both cases, a slight shift of the 1.62 A peak towards higher R-\alues was reported. A convolution of two subpeaks (Si-O and Si-N) was applied in both papers for the nitrogen containing glasses. The coordination number ZNSI is 2.42 for the Na-Si-O-N glass [14] and 2.86 for the Y-Si-Al-O-N glass. In both cases, the ideal value of 3.0 is not achieved. This means that a certain amount of N atoms is not connected to three Si atoms. Uncertainties in their work, such as a result of the truncation effect can be excluded, due to the value of the maximum scattering vector Q max = 30 A -1 .
[1] G. C. Deeley, J. M. Herbert, and N. C. Moore, Powd. Met. 8, 141 (1961 Whereas neutron diffraction experiments give good contrast for light elements, X-ray diffraction experiments are imaging the surrounding of heavy elements in Si-Al-O-N glasses. Therefore, X-ray diffraction provides information complementary to that obtained by neutron diffraction. Those bonds of nitrogen which are not connected to Si-atoms can now be explained as non bridging nitrogen atoms. On the one hand, as indicated in section 3 of this paper, they are connected to the network modifier ions, and on the other hand possibly a low amount is kept free, maybe as dangling bonds. The saturation of all nitrogen bonds is a very restrictive criterion which can not be fulfilled easily as in the case of oxygen in the amorphous Si-0 network.
Al-N bonds are not detected in 27 AI NMR spectroscopy [16] [17] [18] where glasses of similar composition (Y-Si-Al-O-N, Mg-Si-Al-O-N) have been investigated. Schneider et al. [19] , who performed XPSstudies on the system Ca-Si-Al-O-N, confirm the assumption of non bridging nitrogen. Furthermore, they report also that N-atoms avoid connections to Al in aluminosilicate glasses. Their work supports us with valuable information, keeping in mind that it is not possible to establish complete structural information with the analysis of the results of X-ray diffraction experiments.
Conclusion
In this paper, the structure of Ln-Si-Al-O-N glasses is treated. Total structure factors and pair correlation functions of certain glasses (Ln = La, Gd, Yb) obtained by X-ray diffraction are presented. These data allow statements concerning the first coordination sphere around the network modifier ions (Ln). A certain amount of nitrogen atoms is considered to be connected to the modifier ions. The aggravating circumstances of the low weighting factors for pairs of light elements did not allow to investigate the coordination spheres of Al or Si atoms. 
